Incorporation of hydrophobic units in a chemosensor for detection of ions in aqueous media seems counterintuitive. However, this work demonstrates that a sensor designed by incorporating local hydrophobicity around a multidentate receptor to achieve desolvation of a strongly hydrated Al 3+ ion results in efficient binding of the ion, and consequently elicits a strong fluorescence response. The simultaneous detection of Fe 3+ in water was suppressed by using the differential behaviour of the sensor in a methanol-water mixture. The sensor shows a remarkable detection limit of 57 nM for Al 3+ which is among one of the lowest reported so far.
Introduction
Aluminium is the third most abundant metal ion in the Earth's crust, yet it is toxic to biological systems. 1 It is used in our daily lives, oen as packaging material. Aluminium hydroxide combined with calcium hydroxide is used as over-the-counter medication for gastric hyperacidity. Aluminium chlorohydrate is used in deodorants as an antiperspirant. Aluminium salts are neurotoxic and are suspected to induce Parkinsons' disease 1 and senile dementia, commonly known as Alzheimer's disease. 2 It was also found that aluminium induces DNA damage and inhibits the repair of radiation-induced lesions in human peripheral blood lymphocytes. 3 The aluminium ion is therefore a biologically important analyte and its monitoring is vital. However, in aqueous solution aluminium is strongly hydrated and consequently its coordination ability is poor. 4 Development of optical sensors for aluminium that can detect this metal ion in aqueous media has hence been challenging. This problem is compounded by the fact that detection of the aluminium ion is oen interfered by other ions and pH conditions. 5 Consequently, compared to transition metal ions, there are drastically fewer uorescent chemosensors for Al 3+ . Most Al 3+ sensors work in organic media and this restricts their practical applications. 6 The number of reports of chemosensors that can detect Al 3+ in aqueous media is few. 5a,b,7 Thus, the development of new ratiometric sensors for Al 3+ with improved detection limits in the presence of water is desirable. Here we present a novel design strategy for the synthesis of a ratiometric uorescent sensor for Al 3+ in aqueous media with high sensitivity.
Measures to overcome the key problem for the detection of Al 3+ in water, namely, its strong hydration and weak coordination have been addressed in the design. This includes the introduction of local hydrophobicity and steric crowding around the metal binding sites by incorporation of multiple aryl units in the molecule which, at the same time, serve as the uorophore. In addition, multiple donor centres in the molecule were introduced to ensure a strong chelate effect. It was envisioned that a combination of these two elements in the ligand would synergetically work towards exclusion of water 8 from the metal and would ensure a high sensitivity for Al 3+ . Use of steric bulk to stabilize sensitive hydrido and chloro derivatives of aluminium is well known from the work of Power and coworkers, where the bulky substituents around the metal centres prevented further coordination. 9 Sterically encumbered groups were used for desolvation of metal ions such as Eu and Yb by Hauber and Niemeyer. 10 However, there is hardly any work extending this concept to design chemosensors for analytical detection of Al 3+ , perhaps because of the low solubility of such ligands in aqueous media. Given the fact that bulky ligands have low solubility in aqueous samples, it might seem counterintuitive to introduce hydrophobicity to desolvate water molecules from a hydrated aluminium ion. However, in this work we demonstrate that it can indeed be done. When the chemosensor is used with 1% DMSO as a cosolvent, it can efficiently detect Al 3+ in aqueous media. In addition to the detection of Al 3+ , the sensor also detects Fe 3+ in water. Recently, modulation of selectivity for metal ions was achieved with a change in solvent. 11 Exploiting the same principle, i.e., differential behavior of the sensor towards the two ions in two different media, the simultaneous detection of Fe 3+ in water was achieved. The selectivity of the sensor in MeOH-water is remarkably higher for Al 3+ . Thus, the addition of MeOH to an aqueous sample displays a ratiometric behavior with turn-on of uorescence only if Al 3+ ions are present. It may be noted that the naphthoyl group is not an ideal uorophore for bioimaging because of its excitation and emission in the UV region, however it does not pose any problems for the in vitro detection of metal ions.
Results and discussion
Synthesis and uorescence studies in MeOH and water
The synthesis of 1 was achieved following Scheme 1 (details in the Experimental section). Compound 2 was obtained by nucleophilic attack of o-phenylene diamine with bromomethyl compound 3 (ref. 12) in a single step. The reaction of 2 with naphthoyl chloride in the presence of triethyl amine afforded compound 1, which on purication gave a white solid in 60% yield.
The metal binding properties of chemosensor 1 (10 mM) were initially studied with uorescence spectroscopy in MeOH with 1% DMSO as a cosolvent (Fig. 1) . The spectra were recorded on addition of various alkali, alkaline earth and transition metal ions (Cr 3+ , Mn 2+ , Fe 2+ , Fe 3+ , Co 2+ , Ni 2+ , Cu 2+ , Zn 2+ , Ca 2+ , Cd 2+ , Li + , Ba 2+ , Na + , Hg 2+ , Pb 2+ , Ag + and Al 3+ ). The emission behaviour was investigated upon excitation of the naphthoyl uorophore at 290 nm (excitation and emission slits of 3 nm). Among the ions mentioned above, chemosensor 1 displayed a signicant enhancement of the emission band, with a visual change from colourless to bright blue in the presence of Al 3+ (inset, Fig. 1 ) under a 366 nm handheld UV light. For the other metal ions there was either a small enhancement of uorescence (Cu 2+ , Cr 3+ ) or a small quenching effect (Ni 2+ , Co 2+ ). As shown in Fig. 1 , no ratiometric behaviour of uorescence was observed when MeOH was used as the solvent. The uorescence behaviour of chemosensor 1 with Al 3+ was then investigated with different proportions of MeOH and H 2 O. As the proportion of water was increased to 40% (H 2 O-MeOH, 2 : 3, v/v, with 1% DMSO as a cosolvent), the emission spectrum of 1 (10 mM, l ex ¼ 290 nm, slit widths ¼ 3/3) showed three weak uorescence bands at 335, 355 and 369 nm (Fig. 2 ). The quantum yield (F) of the sensor 1 under those conditions was found to be 0.074.
Upon addition of Al 3+ the emission band at 335 nm gradually decreased, while the bands at 355 and 367 nm underwent a red shi to 375 nm with a clear isoemissive point at 340 nm, along with a vefold increase in uorescence intensity. The value of F increased from 0.074 to 0.404. The ratio of intensity (F 375 /F 335 ) at two wavelengths, 375 and 335 nm, steadily increased up to the addition of one equivalent of Al 3+ and then reached a saturation value with 4 equivalents of the metal ion (inset A, Fig. 2 ).
For practical applications, particularly for the analysis of contaminated water samples, it is crucial for the sensor to work under aqueous conditions. The solubility of sensor 1 in pure Scheme 1 Preparation of chemosensor 1. water (Milli-Q) was low. Organic ligands at neutral pH oen possess poor solubility in water and hence their aqueous solutions are made by dilution from a stock solution prepared in an organic solvent. Thus, an optically transparent aqueous solution of chemosensor 1 was prepared by dilution of a 1 mM DMSO stock solution with Milli-Q water (H 2 O-DMSO, 99 : 1, v/v).
The uorescence behaviour of chemosensor 1 (10 mM, l ex ¼ 290 nm, slit width 4/4) with Al 3+ in the aqueous media (99 : 1 H 2 O-DMSO, v/v) was measured in the presence of TRIS, buffered at pH 7.0. On addition of Al 3+ , the value of F under these conditions increased from 0.06 to 0.20. The results shown in Fig. 3B indicate that the sensor also displays a ratiometric behaviour in aqueous media. The uorescence intensity of the 340 nm band gradually decreased with addition of Al 3+ whereas the intensity of the red shied band at 375 nm increased with an isoemissive point at 352 nm.
The emission intensity of 1 as well as the uorescence enhancement upon addition of Al 3+ was lower in the aqueous medium compared to that in either methanol or mixed aqueous-organic media, however, the increase in F 375 /F 335 ratio in aqueous media had a linear behaviour up to a higher concentration of Al 3+ (Fig. 3B , inset), making it suitable for quantitative estimation of Al 3+ over a larger range of concentrations. In addition to Al 3+ , Fe 3+ also showed an enhancement of uorescence in water (Fig. 3A) , a phenomenon that is oen encountered with chemosensors for Al 3+ . 5e Interestingly in reports of Al 3+ sensors, the response to Fe 3+ or Cr 3+ oen goes unreported. 13 The uorescence response of Cr 3+ in water, although observed in our case, was less pronounced (Fig. 3A) .
Competitive experiments and optimum pH range
A common limitation of the detection of Al 3+ is interference by other cationic and anionic species. 5, 14 To test the selectivity and suitability of 1 for practical applications as a chemosensor for Al 3+ , competing experiments were carried out in the presence of various metal ions. For this purpose, emission spectra were recorded with solutions of 1 (10 mM) containing 5 equivalents of either Cr 3+ , Mn 2+ , Fe 2+ , Fe 3+ , Co 2+ , Ni 2+ , Cu 2+ , Zn 2+ , Ca 2+ , Cd 2+ , Li + , Na + , Ba 2+ , Na + , Hg 2+ , Pb 2+ or Ag + followed by the addition of Al 3+ (20 mM) in aqueous media (H 2 O, 1% DMSO v/v, as a cosolvent, pH ¼ 7.0). Fig. 4A clearly demonstrates that detection of Al 3+ is possible without any signicant interference in the presence of the other metal ions.
Classically, in qualitative inorganic analysis, several anions such as uoride, acetate and phosphates are known as interfering ions since in their presence metal ions cannot be detected. 15 The activity of the sensor 1 towards Al 3+ was tested in the presence of various anions including the interfering ones.
The emission spectrum of 1 (10 mM) aer the addition of Al 3+ (20 mM) was recorded in the presence of Cl À , Br À , I À Presence of other anions hardly affected the uorescence intensity. These experiments ascertain that chemosensor 1 can be used as a uorescence sensor for Al 3+ in the presence of the most of the interfering and various environmentally relevant anions. Photo-induced electron transfer (PET) processes have vastly been exploited in uorescence based ion-sensing since its inception by Czarnick and de Silva. 16 Akin to most of the reported cases with nitrogen containing ligands, 6a,c,11 it was thought that the weak uorescence of sensor 1 in the absence of Al 3+ was due to a PET process from the nitrogen of the benzene-1,2-diamine moiety to the electron decient naphthoyl uorophore. The chelation of Al 3+ with the donor atoms restricts the PET process, and consequently restores the uorescence of the uorophore. 5f The small red shi was also consistent with the PET-inhibition mechanism.
Binding mode
For practical applications, and to gain mechanistic insight of the uorescence enhancement, pH dependence of the chemosensor 1 was carried out. Sensor 1 can detect Al 3+ effectively from pH 5 to 8. At lower pH (Fig. 5) , enhancement of uorescence was observed which is typical for a PET process with a proton sensitive donor centre.
The enhancement at pH 3.8 with and without Al 3+ was essentially the same. The enhancement in the uorescence intensity of sensor 1 (10 mM) in the absence of any metal ions at pH 3.8 indicates that protonation at the donor atom of 1 is responsible for the PET process. 5b, 12 The uorescence intensity of 1 with Al 3+ at pH > 8.5 is low presumably because of the decomplexation of Al 3+ from the [1$Al 3+ ] complex by the OH À ions. 17 A 1 : 1 stoichiometry was established from a Job's plot obtained from the uorescence data at a total concentration of 8 mM of 1 and Al 3+ (Fig. 6 ). Moreover, a peak at 1173 in the electrospray ionization mass spectrometry (ESI-MS) under these conditions provided additional evidence for the formation of a 1 : 1 complex of 1 with Al 3+ (ESI, Fig. S2 †) . From the titration data, the dissociation constant (K d ) of 1 with Al 3+ was found to be 1.7 Â 10 À6 M (Fig. 7) .
To have an idea of the donor atom for the PET process, semiempirical ZINDO calculations were performed on the optimized geometry of the molecule 1. 18 The orbital contour (Fig. 8 ) of the highest occupied molecular orbital suggests that the donor oxygen is most likely responsible for the PET process. The lowest unoccupied level is largely naphthalene based. Whereas the highest occupied level, contrary to our previous speculation of being N based, is rather localized on the oxygen of the central aryl unit. The difference in selectivity in the organic and the aqueous media is presumably because of the differential solvation of the metal ion. An additional reason for the uorescence enhancement in aqueous media could be the enhanced solubility of the charged complexes in water which might circumvent the stacking and aggregation of the hydrophobic uorophore, as recently observed by Fahrni and coworkers for uorescent probes for Cu(I). 19 Fig. 5 Change in the fluorescence intensity of the emission band at 370 nm of chemosensor 1 and the 1$Al 3+ complex at different pH values. 
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To elucidate the binding mode, 1 H NMR titrations were carried out upon the addition of Al 3+ to a solution of chemosensor 1 (1 mM) in CD 3 CN since the signals of the solutions in D 2 O were weak and had a low signal to noise ratio. Upon addition of Al 3+ to the chemosensor 1, changes in the aromatic region of the 1 H NMR spectra were difficult to decipher among the complex overlapping peaks (ESI, Fig. S6 †) .
However, clear changes were observed for the amide protons (Fig. 9A) . The peaks at d 8.59 and 8.42 of the chemosensor corresponding to the N-H protons shied downeld to d 8.81 and 8.78 respectively with addition of Al 3+ . This indicated the likely involvement of the amide moiety for the binding of Al 3+ . The OCH 3 proton resonance at d 3.98 also underwent a small downeld shi indicating the role of the oxygen of the anisole moiety in the complexation. 20 Although the role of the amide was apparent from the NMR experiment, whether the coordination was through N or the O of the amide moiety was still inconclusive.
To nd an answer to that question, infrared spectroscopic studies of the free chemosensor and the chemosensor in the presence of Al 3+ were carried out. In the IR spectra of the free chemosensor, multiple bands corresponding to the C]O stretch were present due to the presence of a pair of secondary and a pair of tertiary amide groups (Fig. 9B ). The C]O band at 1681 cm À1 shied by À36 cm À1 to 1645 cm À1 and merged with the bands in that region indicating coordination of the amide oxygen to the metal ion. An N-coordination would have shied the band to a higher wavenumber. It might be noted that the intense band at ca. 1390 cm À1 is due to the presence of nitrate which was the counter anion of the aluminium salt. Thus, the combination of all the spectroscopic data coupled with the calculation suggest that the chelation involved multiple oxygen donors, namely the -OCH 3 and C]O of the secondary amide, but not through the amide nitrogens. Based on these data, a putative binding model has been presented in Fig. 9C .
Time course of uorescence response, detection in water samples and the detection limit
The time course of the uorescence response of sensor 1 was studied. The response was almost instantaneous. The response measured aer 30 s of addition of Al 3+ to the ligand in water (99%) showed a saturation of the uorescence signal (ESI, Fig. S7 †) . The response in mixed aqueous-organic media was observed even when the concentration was less than 100 nM (Fig. S8 †) . The analytical detection limit, determined by standard methods, 21 from the linear regression of the normalized uorescence response curve at low concentration of Al 3+ (Fig. 10 ) was found to be 57 nM in mixed aqueous-organic media which is far within the acceptable limit of 0.05 mg L À1 (1.85 mM) as suggested by the US-EPA for drinking water. 22 It is also worth mentioning that there is only one other report of a uorescence sensor that has a lower detection limit. 7d To test the practical use of our system, aluminium nitrate was added to water samples collected directly from the tap and these were subsequently used for uorescence studies. The response was unaffected and was akin to the spectra provided in Fig. 3B .
However, under similar conditions (10 mM of 1 in 99% water, v/v), determination of Al 3+ in seawater samples did not work, possibly because of the presence of heavy ions in high concentrations (e.g., $0.5 M chloride) that acted as quenchers (ESI, Fig. S9 †) .
To test whether the uorescence enhancement of the chemosensor was indeed a result of the complexation with the metal ion and not a chemical reaction or a photoactivation of the probe, a strong metal ion chelator, disodium EDTA (100 mM), was found to revert the enhancement of the uorescence of a solution of chemosensor 1 (10 mM) containing Al 3+ (Fig. 11) . 23 
Conclusion
In conclusion, we have presented a rational design and synthesis of a uorescent chemosensor for Al 3+ that can detect this ion in aqueous media. In water, Fe 3+ also responds to the sensorthe differentiation of the two metal ions can be done simply by addition of methanol to the sample, since the selectivity of the sensor in MeOH-H 2 O (3 : 2) is signicantly higher for Al 3+ . Another advantage of the chemosensor is the low detection limit (57 nM), one of the lowest reported so far, is well within the US-EPA mandated value for Al 3+ in drinking water. Although common interfering ions are known to hinder the detection of Al 3+ , chemosensor 1 can be used in the presence of most interfering basic and various environmentally relevant anions. However, in seawater samples detection of Al 3+ was not possible. Experiments were performed to ensure that the detection of the ion by the chemosensor was indeed a result of the coordination of Al 3+ to the chemosensor and the deterrence of the PET process.
Experimental

General information
All reactants and reagents were commercially available and were used without further purication unless otherwise indicated. Solvents used were puried and dried using standard methods. The structures of the compounds were determined by nuclear magnetic resonance (NMR). 1 H and 13 C NMR spectra were recorded using 400 MHz (Jeol) and 500 MHz (Bruker) instruments, respectively. Chemical shis are reported in d values relative to an internal reference of tetramethylsilane (TMS) for 1 H NMR and the solvent peak for 13 C NMR except where noted.
The solvents for the spectroscopy experiments were distilled from spectroscopy grade solvents, and were free from any uorescent impurities. O. IR data were obtained with a FT-IR spectrometer. UV-vis spectra were recorded with a Hitachi U-4100 spectrophotometer. Fluorescence measurements were carried out with a Fluoromax-3 (Horiba Jobin Yvon). Mass data were obtained from an AcquityÔ ultra performance LC. pH values were recorded Fig. 10 Normalized fluorescence intensity (l ex ¼ 290 nm, l em ¼ 375 nm) of chemosensor 1 (10 mM) at each concentration of Al 3+ in mixed aqueous-organic media (H 2 O-MeOH, 2 : 3, v/v, 1% DMSO as a cosolvent, pH ¼ 7.0) at 25 C. A linear curve was obtained from these normalized fluorescence intensity data. The analytical detection limit thus obtained was 5.7 Â 10 À8 M. Fig. 11 Fluorescence studies for establishing the reversibility in binding of 1 to Al 3+ ion: black line: receptor 1 (10 mM); red line: 1 (10 mM) with Al 3+ (40 mM); dark green line: 1 (10 mM) with Al 3+ (40 mM) followed by addition of EDTA (100 mM).
with a Satorious Basic Meter PB-11 calibrated at pH 4, 7 and 10. Reactions were monitored by thin layer chromatography using Merck plates (TLC Silica Gel 60 F 254 ). Developed TLC plates were visualized with UV light (254 nm and 366 nm). Silica gel (100-200 mesh, Merck) was used for column chromatography. Yields refer to the chemical yields of chromatographically and spectroscopically pure compounds. N,N 0 -(5-tert-Butyl-2-methoxy-1,3-phenylene)bis(methylene)dibenzene-1,2-diamine (5) Dibromomethyl compound 3 (ref. 8) (0.20 g, 0.57 mmol) dissolved in DMF (5 mL) was added dropwise over a period of 30 min to a mixture of o-phenylenediamine (1.85 g, 17.14 mmol) and K 2 CO 3 (1.58 g, 11.42 mmol) was dissolved in DMF (10 mL) at 0 C. The reaction mixture was kept at 25 C and monitored with TLC until the disappearance of the spots for the starting materials was observed. Water (200 mL) was added to the reaction mixture and vigorously stirred for 30 min, extracted with methylene chloride (30 mL Â 3) and washed with brine (20 mL Â 2). The organic layer was dried over Na 2 SO 4 and the volatiles were evaporated. The residue aer chromatography (hexane-ethylacetate) yielded 2 as a brown solid (0.16 g, 70%). 1 Chemosensor 1 2-Naphthoyl chloride (0.19 g, 1.0 mmol) dissolved in methylene chloride (3 mL) was added to a mixture of compound 2 (0.10 g, 0.25 mmol) and Et 3 N (0.20 mL, 1.6 mmol) in methylene chloride (5 mL) over a period of 10 minutes at 0 C. The reaction mixture was stirred at 25 C for 4 h, extracted with methylene chloride (15 mL Â 2) and volatiles were removed under reduced pressure. The residue on chromatography (DCM-CH 3 CN, 95 : 5, v/v) yielded 1 as a white solid (0.15 g, 59%, mp 156-157 C). 1 74, 167.43, 165.87, 153.77, 145.94, 136.33, 134.91, 134.36, 133.40, 133.36, 133.12, 133.05, 132.13, 132.04, 131.79, 130.50, 129.25, 128.97128.29, 128.14, 128.06, 128.02, 127.86, 127.69, 126.90, 126.78, 126.49, 125.14, 124.45, 61.35, 46.46, 33.81, 30.90 . FT-IR (KBr, cm À1 ): 3413, 3057, 2960, 1681, 1645, 1629, 1519, 1507, 1449, 1390, 1303, 1195, 774, 757 . l abs in MeOH (nm, 3): 233 (88 000), 281 (17 000), 330 (1500). ESI-MS m/z calcd for C 69 H 56 N 4 O 5 K + : 1059.3888, found 1059.3902.
General procedure for the UV-Vis and uorescence studies For absorption and emission spectra, stock solutions of metal perchlorate salts (1.0 mM) and the free chemosensor 1 (10 mM) were prepared in MeOH, MeOH-H 2 O (3 : 2, v/v) and in H 2 O respectively with 1% DMSO as the cosolvent. The test solutions were prepared by placing the chemosensor 1 (10 mM) and appropriate metal stock solution in a cuvette with a xed volume of 2.6 mL. The resulting solution was shaken well before absorption and emission spectra were recorded. Quantum yield data reported here were measured relative to uorescein in 0.1 N NaOH (F ¼ 0.95). 24 The integration of the emission spectra were obtained from the Fluoromax-3 instrument directly.
Determination of the dissociation constant
The dissociation constant (K d ) was determined from the uorescence titration experiment using the following equation: 25 (F i À F 0 ) ¼ DF ¼ [Al 3+ ](F max À F 0 )/(K d + [Al 3+ ]), where F i is the observed uorescence with varying amounts of Al 3+ , F 0 is the uorescence for the free chemosensor 1, F max is the saturation value of the uorescence intensity for the Al 3+ complexes. To obtain a linear equation y ¼ ax + b, reciprocal of the DF was plotted against the reciprocal of the concentrations of Al 3+ . K d was calculated from the ratio a/b.
Determination of the detection limit
The detection limits for the ion were calculated from the titration experiment following the reported method. 21 The uorescence intensity data at the emission maxima were normalised between the minimum intensity found at zero equivalents of Al 3+ , and the maximum enhanced intensity on addition of the Al 3+ . A linear curve was obtained from these normalised uorescence intensity data. The detection limit was obtained by the extrapolation of the straight line on the x axis. Thus the value obtained for Al 3+ was found to be 57 nM.
